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ABSTRACT  The tonic electroreceptors of the marine catfish P/otosus  consist of a 
cluster of ampullae of sensory epithelia, each of which is an isolated receptor unit 
that is attached to the distant skin with only a long duct.  The single-cell layered 
sensory epithelium has pear-shaped receptor cells interspersed with thin processes 
of supporting cells. The apical border of the receptor cells is joined to the support- 
ing cells with junctional complexes. Single ampullae were excised and electrically 
isolated  by an  air gap.  Receptor responses were recorded  as epithelial  current 
under voltage clamp, and postsynaptic potentials (PSP)  were recorded externally 
from the afferent nerve in the presence of tetrodotoxin.  The ampulla showed a 
DC potential of -19.2  •  6.5 mV (mean •  SD, n =  18), and an input resistance of 
697  •  263  Kfl (n = 21).  Positive voltage steps evoked inward currents with two 
peaks and a positive dip, associated with PSPs. The apical membrane proved to be 
inactive. The inward current was ascribed to Ca current,  and the positive dip to 
Ca-gated transient K current, bot in the basal membrane of receptor cells. The Ca 
channels proved to have ionic selectivity in the order of Sr  ~+ >  Ca  2+ >  Ba  ~+, and 
presumably they also passed outward current nonselectively. Double-pulse experi- 
ments further revealed a current-dependent inactivation for a part of the Ca cur- 
rent. 
INTRODUCTION 
The  responses  of the  sensory  receptor  are  generally  dependent  on  monovalent 
cations such as Na  + and K +.  The contribution  of Ca  2+, in addition  to K +,  to the 
mechanoreceptive response was first reported in Paramecium  (Naitoh and  Eckert, 
1969). The Ca-dependent receptor potential has since been shown in a  number of 
electroreceptors of fish (Zipser and Bennett,  1973; Akutsu and Obara, 1974; Clusin 
and Bennet,  1977a,  b,  1979a, b;  Zakon,  1984).  Ca  ~+ is further involved in various 
aspects of receptor operation, as shown in the lateral-line organ (Sand, 1975), in the 
retinal rod (Fain, et ai.,  1977) and in the barnacle photoreceptor (Ross and Stuart, 
1978).  Although  not  directly  involved  for  receptor  electrogenesis,  a  minimum 
amount of Ca  ~+ is required for mechanotransduction in the vestibular hair cells of 
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chick (Ohmori,  1984b). In several electroreceptors and in some hair cells, Ca-gated 
K current has been shown to induce oscillatory receptor responses, which seem to 
serve for sensory adaptation or for frequency tuning (Clusin and Bennett,  1979b; 
Zakon,  1984;  Hudspeth,  1985).  Thus,  Ca  2§  plays  multiple  roles  in  such  second- 
order sensory organs, not only in the process of transmitter release but also in the 
transduction process. 
The ampullary electroreceptor of Piotosus provides useful preparation for analysis 
of receptor operation. Each ampulla consists of a sac of the sensory epithelium con- 
nected to the skin only by a long duct, and hence is readily excised as an indepen- 
dent receptor unit. The receptor activity can be recorded from inside the ampulla, 
and the postsynaptic activity from the nerve, both as mass responses. The ampullary 
response in situ is small and graded since low axial impedance of the duct electri- 
cally shunts the ampulla (Obara, 1974). With the shunt removed or the sensory epi- 
thelium electrically isolated, however, the response can be studied under current- or 
voltage-clamp conditions (Sugawara and Obara,  1979). 
In the present study, the receptor activity is recorded as epithelial currents under 
voltage-clamp.  Results  indicate  that  the  receptor  current  is  carried  through  Ca 
channel and Ca-gated K channel in the basal membrane of the receptor cells. The 
receptor Ca current shows several properties similar to other Ca currents. Prelimi- 
nary reports have appeared elsewhere (Sugawara and Kanaseki, 1976; Sugawara and 
Obara, 1979). 
METHODS 
Materials 
The marine catfish Plotosus anguillaris (Lactp~de) were collected by local fishermen, and kept 
in laboratory aquaria until use. All experiments were carried out on isolated ampullary elec- 
troreceptors. The fish was initially anesthetized by MS 222, immobilized by curare, and main- 
tained by perfusing sea water through the gills. The dorsal ampullae were exposed by opening 
the  thick connective capsule,  and by removing a  mass of fatty tissue that embedded the 
ampullae. The room temperature was kept at 20-23"C. 
Anatomical Methods 
The dorsal group of ampullae was excised and immediately immersed in the primary fix five, 
1%  paraformaldehyde and  0.7%  glutaraldehyde  in  0.1  M/liter  phosphate  and s-coUidine 
buffer at pH 7.4  (modified Karnovsky's method). The tissue was trimmed into small pieces, 
and left in the primary fixative for 1-2 h at room temperature. After a rinse with phosphate 
buffer in distilled water, the tissue was postfixed with 1% osmium tetroxide in 0.028 M ace- 
tate-veronal buffer (Palade's solution) for 1-2 h at 4oc. The tissue was stained en b/oc with 
0.5% uranyl acetate in Millonig's acetate-veronal buffer at pH 5 for 1-2 h at room tempera- 
ture, dehydrated in a graded series of ethanol, and then embedded in Epon 812 by the stan- 
dard method. Thin sections were cut by a diamond knife on a Porter-Blum ultramicrotome 
(MT-2B; Sorvall,  New Haven, CT). The sections were stained with Millonig's  lead acetate. 
Observations were made using the electron miscroscopes HU-12AS (Hitachi, Tokyo, Japan) 
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Physiological  Methods 
A given ampulla in the supraorbital group was dissected out, with its 1-2-cm-long duct and a 
short stretch of the nerve. The excised ampulla was placed in a small chamber with two saline 
pools  that  were  separated  by  a  2-mm air gap  (Fig.  1 B).  The  pool with  the  ampulla was 
grounded by a calomel electrode via a KCl-agar bridge and was continuously perfused with 
saline. The other pool contained the cut end of the duct, which was introduced into a capil- 
lary equipped with a  pair of Ag-AgC1 wire electrodes for stimulation and monitoring. The 
ampullary responses were recorded as potential changes across the sensory epithelium, differ- 
entially between two microelectrodes, one of which was inside the duct near the ampulla (Fig. 
1 B, V) and the other was just outside (not shown). The glass microelectrodes were filled with 
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FIGURE  1.  Experimental set-up with the isolated Plor  electroreceptor. A shows the cir- 
cuit with  a  mode  switch  for  V-clamp and  /-clamp.  The  potential  in  the  ampulla  (V)  was 
recorded differentially across the sensory epithelium. In/-clamp, the potential in the duct 
(Va) was recorded by a suction electrode, as shown in B. After the V and V  a became identical, 
the mode switch was changed to V-clamp. In V-clamp, the receptor current (/) was measured 
as a voltage drop across R/. B shows the experimental chamber with two saline pools con- 
nected by a shallow trough. The ampulla was placed in one pool with an inlet and an outlet 
for solution exchange. The duct bridged a 2-mm air gap in the trough to the other pool with 
electrodes  for  stimulation  (S)  and  recording  (Vd). The  afferent  nerve  activity  (N)  was 
recorded by a thin suction electrode. The solution exchange was complete in 1 min at a flow 
rate of 1.5 ml/min. 
2.5 M/liter KCi, and had a resistance of 7-10 Mr. The afferent nerve activity was recorded as 
PSPs by a thin suction electrode (N). 
Measurement of the Epithelial Current 
Fig.  1 A shows the experimental arrangements for current- and voltage-clamp (/-clamp and 
V-clamp).  The response in  the ampulla was first compared with that  in  the duct  under I- 
clamp. Since the outside of the duct was desiccated in the air gap, the response size at the two 
recording sites became identical. This was taken to indicate that there was no axial current in 
the duct,  that the ampullary response was electrically isolated, and that  the epithelium was 
spatially clamped (Akutsu  and  Obara,  1974).  After this  condition was  obtained,  the  mode 
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an increase in the axial resistance, owing to excessive  desiccation, which resulted in V-clamp 
failure because of a series resistance between the microelectrode tip and the epithelium. A 
floating Ir-Pt wire (25 #m in diameter), left inserted in the duct, retarded such uncontrollable 
changes, and stable V-clamp conditions were maintained over  1 h. The clamp failure was 
indicated by  a  prolonged  capacitative  surge  and  an  anomalous current pattern  such  as 
inverted voltage responses. The experiment was discontinued upon these criteria. 
The epithelial current was  conventionally recorded as in Fig.  1 A, with a  high voltage- 
output clamp amplifier (CEZ-1100, Nihonkoden, Tokyo, Japan). As the duct provided a low- 
resistance access  to the ampullary lumen, the voltage responses upon small command steps 
could reach 90% of the steady value within 300 #s. The epithelial current, however, took ~2 
ms to settle owing to a complex capacitative property of the epithelium. 
Solutions 
Standard saline contained (in millimolar): 190  NaC1, 4  KCI,  3  CaCI~, 1.5  MgC12, and 8.5 
HEPES buffer adjusted to pH 7.2-7.4. In most of the later experiments for ionic substitu- 
tion, the saline was slightly modified (control saline): 190 NaC1, 3 CaCI~, 1.5 MgCI2, 10 glu- 
cose, and 8.5 HEPES. Omission of KCI had little effect on the response pattern (Akutsu and 
Obara,  1974),  while  simplifying substitution.  Addition  of  glucose  proved  to  definitely 
improve the survival time of the preparation. The Ca concentration was modified by isos- 
motic substitution  with CaC12 for NaC1. Ba- or Sr-saline was prepared by addition of 1 M/liter 
stock solutions of BaC12 or SrCi~ to Ca-free saline. Other divalent cations, such as Co  ~+, Mn  2+ 
or Mg  2+, were simply added to the control saline. Ionic blockers, such as verapamil, tetrodo- 
toxin  (TTX),  or  4-aminopyridine (4-AP),  were  also  similarly added  to  the  control saline. 
Tetraethylammonium chloride (TEA) was isosmotically substituted for NaC1. 
RESULTS 
Morphology 
The  general organization of the  Plotosus  receptor  has  been described previously 
(Friedrich-Freksa,  1930;  Lekander,  1949;  Obara,  1974).  Briefly, a  cluster of ~80 
ampullae is embedded in a  mass of fatty tissue under a  thick capsule supplied with 
fine blood capillaries. Each ampulla is a sac of sensory epithelium of 379  +  72.0 #m 
in diameter (mean +_SD, n  =  30), and is open to the outside over the skin through a 
transparent tube a few centimeters long. This tube will be called an ampullary duct, 
to  distinguish it  from  thicker-walled  and  opaque  canal  of  the  lateral-line canal 
FIGURE 2.  (Opposite)  Fine structure of the sensory epithelium of the Plotosus receptor. A 
shows the pear-shaped receptor cells (RC) interspersed with thin processes of the supporting 
cells (SC). Basal to them are the basement membrane and thick layers of collagen fibers (Co). 
The receptor cells  bear microvilli on the apical face,  and afferent synapses (arrow)  on the 
basal face.  In B, a myelinated afferent nerve fiber (N) sheds the myelin sheath upon penetrat- 
ing the basement membrane, and makes synaptic contacts (arrow)  on the receptor cell.  C 
shows the microvilli. The cytoplasm of the receptor cell has numerous vesicles  and smooth 
endoplasmic reticuli, and the apical process of the supporting cell has a  cluster of larger 
vesicles. D shows the nerve terminal filled with mitochondria (Mit) and glycogen particles (G), 
and dense bodies (DB) are in the receptor cell. In E, the dense bodies surrounded by synaptic 
vesicles are homogeneous near the synaptic area, but loosely packed in opposite parts. Cali- 
bration bars represent 5/zm in A and B, and 1 #m in C, D, and E. SUGAWARA  AND OBARA  Receptor Ca Current and Ca-gated K Current  347 
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organ, even though they overlap in places under the skin. The duct is 166.8  _+ 42.8 
#m in diameter near the ampulla, but it can become about twice as large outside the 
capsule. The ampulla and the duct are filled with K-rich jelly so that conductivity is 
high, similar to the sea water (Okitsu et al., 1978). Each ampulla is supplied with 6-8 
myelinated afferent fibers from the anterior lateral-line nerve. No efferent innerva- 
tion has been observed. 
The epithelium is single-cell layered and 20-30 #m thick after fixation (Fig 2 A). 
The receptor cells form tight junctional complexes (A and C) around the apical bor- 
der with  the  interspersed  thin  cytoplasmic processes of the  supporting cells,  the 
pericaryon of which arc found below the receptor cells. This general organization is 
similar to that of other ampullary receptors (Waltman,  1966; Lissmann and Mullin- 
ger,  1968). The spherical epithelium is surrounded by a basement membrane, and 
further by closely packed connective tissue layers of about the same thickness. 
The receptor celts are pear-shaped, 15-25 #m in height and 8-15 #m in diameter. 
Thus, there would be 700-1,000  receptor cells per ampulla.  The apical face over 
the junctional complex bears sparse microvilli ~2 #m long and 100 nm in diameter 
(Fig. 2 C). No kinocilium or structures such as basal body are found, unlike those in 
the skate receptors (Waltman,  1966). The lateral surface is devoid of specific struc- 
ture  except for a  few poorly developed desmosomes. The basal  face has afferent 
synapses typical of the acousticolateralis receptors like in hair cells (see Hama, 1965, 
1969). The presynaptic cytoplasm contains electron-dense bodies about 600 nm in 
diameter, surrounded by the synaptic vesicles (Fig. 2, D and E). A given nerve ter- 
minal in a synaptic area may be surrounded by 10 or more dense bodies. Mitochon- 
dria are present throughout the cytoplasm, particularly beneath the nucleus. Post- 
synaptically to the receptor cells, the myelinated afferent nerve fibers run along the 
duct, and are split several times over the ampulla. The final branches shed the mye- 
lin sheath as they penetrate the basement membrane and make the synaptic contacts 
with the receptor cells (Fig.  2 B). The nerve terminals contain abundant  glycogen 
particles and mitochondria, as well as other membraneous structures (Fig. 2 D). 
The  supporting cells  have basally located  nuclei.  The cytoplasm has  abundant 
mitochondria and endoplasmic reticuli, and a few fatty bodies. Numerous small vesi- 
cles are also observed near the apical border of the thin processes (Fig. 2, A and C), 
which may be related to secretion of the ampullaryjelly in the lumen (see Okitsu et 
al.,  1978). 
The duct wall is 2-6 #m thick, and consists of an epithelium of two or three cell 
layers. The adjacent epithelial cells within and between layers are loosely connected 
with desmosomes, and the tight junctional complexes are observed only at apposi- 
tion among the cells in the most luminal layer. Interdigitated junctional complexes, 
such as in skate receptors (Waltman,  1966), have been rarely observed. The poorly 
developed junctional  complex  contrasts  with  the  observation  of extremely long 
space constant, which would suggest little leakage across the duct wall.  The epithe- 
lium is separated by a basement membrane from many laminae of regularly oriented 
collagen fibers, which are three to four times thicker than the epithelium. 
Physiology 
Passive  electrical properties  of the  ampulla.  The  electrically  isolated  ampulla 
showed a lumen-negative DC potential of 19.2  _+ 6.5 mV (mean +_ SD, n  =  18) that SUGAWARA  AND OBARA  Receptor  Ca Current and Ca-gated K Current  349 
ranged from -10  to -37  mV, in contrast to the near zero DC potential in situ. The 
discrepancy has been ascribed to a steady bias current flow in the duct in situ (Suga- 
wara and Obara,  1984b).  The DC potential  in the electrically isolated ampulla was 
insensitive  to  large  changes  in  K +  outside,  which  suggested  involvement  of ionic 
pumps at the basal membrane  (Sugawara,  1986). 
Fig. 3 A  shows typical responses of the ampulla under the/-clamp.  Large lumen- 
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FIGURE 3.  Passive  properties  of the  sensory epithelium  in  standard  saline.  In A,  typical 
responses under/-clamp are shown superimposed; with traces for externally recorded PSP 
(N) from the nerve in the presence of TI'X, for stimulus current pulse (I), and for potential in 
the ampulla (V). Lumen-negative pulse evoked a negative electrotonic response while lumen- 
positive pulse of the same intensity provoked a regenerative response in the ampulla and PSP 
in the nerve. The DC-potential was -20 mV. In B-D, passive properties were compared in 
another  ampulla.  In B  under  /-clamp,  a  semilogarithmic  plot  of the negative  response  is 
shown against time after stimulus onset. The decay time constant was 20.8 ms, indicating a 
capacitance of 0.027 #F in parallel  to an input resistance  of 767  KfL In C, with the same 
ampulla under V-clamp,  the current record on command step of -5.2 mV is shown, plotted 
only for the component after the initial  300 #s.  In D, a semilogarithmic plot is fitted by a 
single exponential with the time constant of 1.3 ms. Total charge transfer is estimated as 0.13 
nC, indicating that most part of the above capacitance, 0.025 #F, is in series to 52 Kft. 
positive stimulus evoked a regenerative response in the ampulla with prolonged PSP 
in  the  nerve.  Lumen-negative  stimulus  evoked  an  electrotonic  response.  Passive 
properties  were compared in another ampulla.  In B, the voltage change under the 
/-clamp is shown in semilogarithmic plot to reveal an exponential decay with a time 
constant of 20.8 ms. The input resistance was 767 Kfl (697  + 263 Kfl, n  =  21), with 350  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  93  ￿9  1989 
a  range of 430-1,400  ILQ, and hence the capacitance was 0.027  #F  (0.032  _+ 0.01 
/~F, n =  8). 
The same ampulla was next voltage-clamped at the resting DC level. Small voltage 
steps induced transient currents that were symmetrical for opposite polarities, and 
lasted  for 2-3  ms  (Fig.  3  C).  The  transient  consisted  of a  few phases.  The initial 
phase of -300 #s followed the voltage steps. The second phase, however, declined 
exponentially in the face of a steady voltage level (Fig. 3 D), which suggested a part 
of the capacitance to be in series to a resistance.  Integration of this phase indicated 
a charge transfer of 0.13 nC with a peak current of 100 nA to the command step of 
5.2 mV, which implied a capacitance of 0.025 #F in series to 52 K,q. Their product 
of 1.3 ms agreed well with the decay time constant (Fig. 3 D). Mean values of capac- 
itance  (0.022  + 0.006  uF,  n =  14)  and  time  constant  (1.116  -+ 0.331  ms,  n  =  16) 
gave a series resistance of 50.7 Kfl, and a transepithelial capacitance of 0.01  /~F. 
The capacities thus  measured may result from various sources.  A  major source, 
however, appears to be the basal (or basolateral) membrane of the receptor cells. As 
shown in the Morphology section, the receptor cells have the apical border demar- 
cated by tight junctions.  Assuming a  cylinder 25 #m long and  15 #m across after 
fixation, the basal membrane area would be 0.0000135  cm 2 per cell. Surface area of 
the ampulla 300 #m in diameter is 0.0026 cm  2, excluding the exit of the duct. If this 
area were fully occupied by the  receptor cells,  the cell number would be ~ 1,500, 
making the total basal membrane area -0.0203 cm 2. Assuming a specific membrane 
capacitance of 1 #F/cm  2, the total capacitance of single ampulla would be -0.0203 
#F. The receptor cells, however, are interspersed with the thin processes of the sup- 
porting cells (see Fig.  1 A), which may reduce the receptor cells to 700-1,000  per 
ampulla. The total basal area would then be 0.0095-0.0135  cm 2, making the capac- 
itance 0.01-0.014  #F. These values, however, are probably an underestimate, con- 
sidering a possible shrinkage during fixation. 
The apical membrane area, and hence capacitance, is one order below the basal 
membrane area. If one attributes the series resistance of 50 K~ to the apical mem- 
brane, the apical time constant would be <0.1  ms. This is two orders below 14 ms 
for the basal membrane. Hence, the apical capacitance may be ignored in V-clamp. 
The contribution of the supporting cell is difficult to estimate. Although their basal 
membrane area equals the surface area of the ampulla, their thin apical processes 
would give a large series resistance to the basal capacitance. A  small, much slower 
current  has been occasionally observed to follow the  capacitative transient,  which 
may represent the current through this current path. 
Receptor Currents and Their Origin 
Lumen-negative voltage steps induced ionic currents that were linear with voltages 
up to  -150  inV.  Lumen-positive steps induced nonlinear currents, associated with 
PSPs  in  the  nerve (Fig.  4).  As the  nonlinear  currents  are ascribable to an inward 
current  in the basal membrane of receptor cells,  they will be shown as downward 
deflections.  The  inward  currents  were  TTX-insensitive,  and  showed  two  compo- 
nents, i.e., an early transient with a peak at 5-7 ms and a delayed component with a 
peak at ~50 ms (Fig. 4 A). PSPs in the nerve also showed two components, with an 
initial PSP peak and a sustained PSP component (Fig. 4 B, left). SUGAWARA  AND OBARA  Receptor  Ca Current and Ca-gated K Current  351 
The  current-voltage  relations  of both  inward  components  were  N-shaped  and 
almost identical,  with the  maximum slope  resistance  of -100  Kfl (Fig. 4  C). They 
reversed the sign also at the same voltage. The apparent reversal potential, however, 
was  + 34 mV, which was significantly lower than the PSP suppression potential  (see 
Fig.  10). When Cd  2+ (1 mM) was added to saline, the inward currents and PSPs were 
completely abolished  (Fig.  4  B).  The current-voltage  relation became linear with a 
slope  identical  to the  leakage  resistance  (Fig.  4  C).  These  data  indicate  that both 
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FIGURE 4.  Epithelial current under V-clamp. A shows the current record in standard saline; 
with traces for the current (I), inward to the basal face of the receptor cells shown downward, 
and for the ampullary potential (I0. Two responses on opposite command steps were super- 
imposed, with records to the right on an expanded sweep to show the fast part. The lumen- 
negative step induced a leakage current after the capacitative surge. The lumen-positive step 
induced two inward current peaks. The holding potential was  -  17 mV. In B, both inward 
currents  (I) and PSPs  (N) were blocked by Cd  2+  (1  mM) in another ampulla.  The holding 
potential was -  16 mV. In C, the current-voltage relation (lower panel) and PSP (upper panel) 
were plotted against the potential in the ampulla; for the early current peak, for PSP peak 
(open circles),  and for the late current peak (closed circles)  in saline.  Both current  peaks 
showed a similar N-shaped relation. Note that PSPs were not suppressed at voltage levels far 
beyond the reversal potential for the inward current.  Cd  ~+ blocked all inward currents and 
PSPs, leaving the leakage currents (open triangles). 
components are carried mainly by Ca  ~+ in the basal membrane of the receptor cells, 
which  is  accessible  by Ca  blockers  outside  the  ampulla.  This  agrees  well  with  the 
findings obtained in/-clamp  (Akutsu and Obara,  1974). The low reversal potential, 
however, may indicate an involvement of outward currents. 
The  current  pattern  with  the  positive  dip  may suggest  (1)  an outward  transient 
current superimposed over a  maintained inward current, or (2) two populations of 
Ca channel,  or both.  Such outward  transient  may be further complicated,  because 352  mE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  93  ￿9 1989 
there are two membranes in series in the epithelium. Namely, the outward transient 
may represent  either  (la)  an  inward current  in  the apical membrane  as shown  in 
skate (Clusin and Bennett,  1977a, b), or (lb) an actual outward current in the basal 
membrane.  The present study has examined the first two possibilities la and  lb. A 
companion paper will discuss the presence of two populations of the Ca channel. 
Absence of Apical Inward Current in the Plotosus Receptor 
Lumen-positive stimuli hyperpolarize the apical membrane and depolarize the basal 
membrane,  while  lumen-negative  stimuli  have  reverse  effects.  Either  membrane 
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FIGURE 5.  The "outward transient" is not due to an apical inward current. The diagram in 
A shows experimental protocol; with resistances (Rap and Rbs) for the apical and basal faces 
of the receptor cell, and the active emf in the basal face (E with Ract). The active emf (E) 
would supply depolarizing current to the apical face (upper diagram). Such depolarizing cur- 
rent may also be supplied by hyperpolarizing the whole epithelium (lower diagram). B shows 
the current-voltage relations for the early current peak (open circles) and for the current at 
the end of command steps (filled circles). Inset shows the sample records, with the control 
inward current shown to the left and with response for a large hyperpolarizing step to the 
right. The hyperpolarizing step evoked a gradually increasing inward current that would have 
supplied  a  depolarizing current  to  the  apical  face.  No  outward  transient,  however,  was 
observed to mimic the control pattern (arrows in inset), even with the current as large as the 
maximum basal inward current (broken line in the graph). The holding potential was  -16 
mV. 
thus depolarized may induce ionic currents.  In skate receptors, the inward current 
induced  in  the  apical  membrane  depolarizes the  basal  membrane  sufficiently for 
transmitter secretion to the  afferent  nerve  (Obara and Bennett,  1972;  Clusin and 
Bennett,  1977a,  b). 
A  reverse process, i.e., a  basal inward current depolarizing the apical membrane 
to induce  an  apical inward current,  would result in an  apparent outward current. SUGAWAV,  A  AUD OBARA  Receptor  Ca Current and Ca-gated K Current  353 
This possibility was examined in Fig. 5, Large lumen-negative stimuli were given to 
depolarize  the  apical  membrane.  Pulses  beyond  -150  mV induced  large  slowly 
increasing currents that were close to the peak inward currents, but no positive dip 
was observed to mimic the inward current pattern (Fig. 5 B). The involvement of an 
apical activity thus appears unlikely in the Plotosns receptor. 
Transient Outward Current in the Basal Membrane 
The oscillatory response of the in situ ampulla is blocked by K blockers, which indi- 
cates  involvement of K  channels  in  the  basal  membrane  (Sugawara  and  Obara, 
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FmURE 6.  Suppression  of 
the outward transient by 4-AP 
on the basal side.  All  current 
records  are  the  net  currents 
that  are  obtained  by subtrac- 
tion of the leakage currents. In 
A,  the inward current  in con- 
trol saline  showed two inward 
peaks with a positive dip. In B, 
the  positive  dip  was  nearly 
abolished by 4-AP (5 raM).  In 
C, the current-voltage relations 
are  plotted  for  the  control 
early  inward  peak  (open  cir- 
cles), for the peak current with 
4-AP  (closed  circles),  for  the 
current  after  the  addition  of 
Cd  ~+ (open triangles),  and for 
the  outward  transient  (open 
squares).  Amplitude  of  the 
outward  transient  was  esti- 
mated as deviations of the pos- 
itive dip from the inward cur- 
rent peak (inse0.  The outward 
transient was activated near the activation level for the inward current, and was suppressed 
beyond the reversal level  for the latter.  The leakage current gradually increased on steps 
over +60 mV, presumably due to the nonspecific conductance increase in the basal mem- 
brane. The holding potential was  -  13 mV. 
1984a).  The positive dip  in  the  present current  pattern  may reflect  the  outward 
current in these channels. A series of net inward currents were obtained by subtract- 
ing leakage currents. The typical current pattern was seen in the mid-range (Fig.  6 
A).  4-AP  (5  mM/liter)  completely abolished  the  positive dip  (B).  The addition  of 
Cd  ~+  (0.5  mM/liter) abolished all nonlinear currents  (C), even without prior 4-AP 
(see also Fig. 4 B). 
In Fig.  6  C, the current-voltage relation was plotted for the net inward current. 
The outward transient was tentatively estimated as deviation of the positive dip from 
the peak inward current  (see inset). The outward transient was induced at the acti- 
vation level for the inward current, reached maximum near the voltage level for the 354  THZ JOURNAL Or GENERAL PHYSIOLOGY  ￿9  VOLUME 93 ￿9 1989 
inward current maximum, and was suppressed beyond the apparent reversal level 
for the inward current. These results clearly indicate that the outward transient is 
caused by Ca-gated K current, Ir~c~, in the basal membrane. 
The inward maximum current was barely increased by 4-AP (Fig. 6 C), which sug- 
gests little contamination of Iv~c~ to the peak inward current. The curve was some- 
times shifted positively, but only by a few millivolts. The apparent reversal potential 
also remained nearly the  same.  Even after blockade by Cd  ~+,  a  slowly increasing 
outward current was observed at voltages much higher than the apparent reversal 
potential, perhaps due to a nonspecific conductance increase upon excessive polar- 
ization. 
Another test would be to replace Ca  ~+, with Ba  2+, which is incapable of inducing 
the IK~C~, although it carries ionic current in most Ca channels (Meech, 1978). Total 
substitution of Ca  9+ with Ba  2+  resulted in reversible abolition of the positive dip, 
again confirming the presence of Ir,  c~). 
Effects of Divalent Cations 
The following experiments were carried out in the presence of K blockers. The net 
inward current showed biphasic  decay from the peak (Fig.  7 A). When Ca  ~+  was 
increased from 3 to 10 raM/liter, the peak inward current increased and the initial 
decay became faster (B). The maximum current occurred at a  more positive level, 
and  the  apparent  reversal  potential was  shifted  from  +35  to  +47  mV  (E).  On 
return  to control saline,  the  inward  current size was  recovered completely, even 
though the current-voltage relation was shifted negatively by a few millivolts (C and 
E).  In  1  mM/liter  Ca  ~+,  the  peak  inward  current  decreased  and  the  decay was 
retarded (D). The apparent reversal potential was shifted from  +30  to  + 13 mV. 
Recovery from  low  Ca  ~+  concentration  was  incomplete,  however,  and  was  not 
included in the plot. 
Thus, the current size and the reversal potential are both dependent on Ca con- 
centration gradient  across  the basal  membrane  of receptor cells.  The overall 34 
mV/decade change, however, is probably an overestimate in view of the DC shift 
and the poor recovery after low Ca  9+. A  more likely estimate of 22.9 mV/decade 
may be calculated on the basis of 12 mV change from 3 to 10 raM/liter Ca  ~+, i.e., in 
a higher concentration range. This would suggest a less selective Ca  2+ channel that 
permits outward currents. 
The selectivity was further examined by ionic substitution. When Ca  ~+ was totally 
replaced by Ba  ~+, the inward current decreased, and the apparent reversal potential 
shifted negatively (Fig. 8 A). Substitution with Sr  ~+ increased the inward current and 
the  maximum slope. The apparent  reversal potential,  however, was  shifted nega- 
tively (B). In both cases, recovery was relatively slow and incomplete. The shifts in 
reversal may be a less reliable measure for selectivity, because of possible contamina- 
tion by the outward currents.  Relative changes in the maximum current seem to 
suggest a selectivity in the order of Sr  2+ >  Ca  ~+ >  Ba  ~+. 
Fig. 9 shows the effects of some ionic blockers. In the presence of K-blockers, the 
addition  of Cd  ~+,  Mn  ~+,  or Mg  ~+  all  suppressed  the  inward  currents  (A  and  C). 
Recovery was relatively poor, particularly with Cd  ~+. The blocking effects are shown 
as normalized in Fig. 9 C. Curves are drawn by the following equation for the corn- SUGAWARA AND OBARA  Pt,  ec,~Otor Ca Currelgt and Ca-gated  K  Current  355 
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current; A in 3 mM Ca  ~+, B in 10 mM, C recovery from 10 mM, and D in ]  mM. The com- 
mand steps are marked on each record. Gain for all current records was the same except for 
B. In E, the current-voltage relations were plotted for the peak inward current; in 3 mM Ca  ~+ 
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shift in the apparent reversal levels. Recovery from low Ca concentration (1 mM) was incom- 
plete, and not plotted. The holding potential was  -37 mV. 
50 
-40 
I  o--c- 
-I00 
-200 
nA 
A 
d  Ba  rec. 
0  ,0 
I  o-~ 
4-----  mV 
-100. 
-200. 
- 300. 
nA 
B 
Sr 
FIGURE 8.  Inward currents induced in Ba and Sr saline in the presence of K blockers. Ca  ~§ 
in control saline was totally substituted with equimolar concentration of Ba  ~§ or Sr  ~+. In A, 
the current-voltage relations are plotted for control currents in Ca saline (open circles),  for 
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rent-voltage relations are for control Ca currents (open circles),  for currents in Sr saline 
(filled circles)  and for recovery (open squares). Recovery from Ba or Sr saline was slow and 
incomplete. The inward current maxima seem to suggest a  selectivity in the order Sr  ~+  > 
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petitive inhibition (Hagiwara et al., 1974): 
Im/Ica =  1/(1  +  [M]/K'm)  (]) 
where I m represents the peak inward current in the presence of the blocker, lc= the 
control current, M  the blocker, and K~, the apparent dissociation constant for M, or 
K"  =  K m (1  +  [Ca]/Kca).  The effects are similar to other Ca channels,  and in the 
order of Cd  2+  >  Mn 2+  >  Co  2+ >  Mg  ~+, with K" (in millimolar per liter): KMs =  8.2, 
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FIGURE 9.  Block of the inward currents by divalent cations and verapamil in the presence of 
K blockers. Each blocker was added to control saline containing 3 raM/liter Ca  2+, except for 
Mg  ~+ which replaced Na  + isosmotically. In the current-voltage relations the test saline con- 
tained 1 raM/liter Mn  ~+ in A and 0.02 mM/liter verapamil in B; open circles represent the 
peak inward currents in control saline, filled circles the currents in test saline, and open trian- 
gles the recovery. Recovery from the blockers was generally slow and incomplete, and the 
effect of verapamil was weak and irreversible. In C, the effects of divalent cations are shown 
normalized. Abscissa, log concentration of the blockers; ordinate, normalized currents. The 
curves are drawn by the equation, Im/Ic, = 1/(1  +  [M]/I~), with I~ -  4.7 tim for Cd  ~+, 0.26 
mM for Mn  2+, 0.32 mM for Co  ~+, and 8.2 mM for Mg  2+. 
Kco =  0.32, KM, =  0.26, and Kca =  0.0047.  An organic blocker, verapamil, reduced 
the inward current by -28%  of the control at 20 #M/liter (Fig. 9 B). The effect was 
irreversible, and a  further increase in dose simply failed to increase the effect. 
Some Kinetic Aspects of the Inward Current 
Despite limitations inherent in the voltage-clamp across an epithelium, the proper- 
ties of the receptor Ca current were found to be similar to those of the Ca current 
in other excitable cells (see Hagiwara,  1983). SUGAWARAAm)  OBARA  Receptor Ca Current and Ca-gated K Current  357 
An inactivation  process was examined by double-pulse  experiments  in the pres- 
ence of K blocker.  In Fig.  10 A, a  conditioning pulse  (P1) was stepped to  +12 mV 
from the holding potential of -  18 mV, and a test pulse (P2) to + 1 O mV at a  2G-ms 
interval. The peak inward current to P2 was depressed by conditioning P1. Depres- 
sion was dependent on the P1  level, and was maximum at  + 12 mV.  Increasing P1 
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FIGURE 10.  Current-dependent  inactivation  of the  inward  current  in  the  presence  of K 
blockers. The inset in B shows the protocol for double-pulse experiments. The test pulse (P2) 
of 100 ms in duration was stepped to + 10 mV from the holding potential of -  18 inV. The 
conditioning pulse (P1) preceded the test pulse by an interval of 20 ms. In A, the peak inward 
current  to test P2 was clearly suppressed  by conditioning P1  of +12 inV.  In B,  the peak 
inward currents to P2 are plotted against P1 of various durations: for 50 ms (open circles), 
for 250 ms (open triangles), and for 500 ms (open squares). The inward current was maxi- 
mally suppressed around + 12 mV, but recovered upon further P1 increase. The suppression 
became maximal with an increase in P1  duration to 500 ms, but it only rose to 70%. In C, 
suppression of the current to test P2 is shown to occur in a mirror image to PSP to condi- 
tioning P1 in another ampulla. The holding potential was -27 mV. P1 (500 ms) and P2 (100 
ms) were given at 20-ms intervals.  In a,  the current  to test P2 is similarly plotted against 
conditioning P1. In b and c, PSP and the current are both plotted to conditioning P1. Note 
that both the maximum suppression of current to P2 (a) and the maximum PSP to P1  (b) 
occur at voltage levels  for the inward current maximum to P1  (c), and also that the suppres- 
sion of current (a) is restored as P1  is further increased to over +85 mV beyond the PSP 
suppression potential (b). 
further,  however, resulted in a  recovery (B). With an increase in P1  duration from 
50 to 500 ms, depression of the current to test P2 became more pronounced, but 
only to ~70%.  Such a  mode of depression indicates that >30% of the peak current 
is  inactivated  in  a  current-dependent  fashion.  The  steady current  was  less  inacti- 
vated (Fig.  10 A), which is consistent with the observation of/-clamp that the recep- 
tor potential often persists over 5  min (see Fig. 3 A). 358  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  93 ￿9 1989 
Voltage responses in the ampulla are closely related to the afferent activity via 
transmitter release (Obara,  1974; Obara and Sugawara,  1979). The mode of inacti- 
vation was  therefore examined in  reference to the  PSP  to P1.  The input-output 
relation  for peak postsynaptic  potentials  (PSP)  to conditioning P1  (Fig.  10  C,  b) 
showed a maximum at the level for the current maximum to P1  (c), and a suppres- 
sion  on further P1  increase over  +85  mV.  The inward  current used to  test  P2 
changed in a mirror image to PSP, with a maximum depression for the PSP maxi- 
mum and a recovery for the PSP suppression (a). Assuming that the PSP amplitude 
is proportional to presynaptic Ca influx, and the PSP suppression potential repre- 
sents the Ec~ (Katz and Miledi, 1969; Kusano, 1970), such a mode of depression for 
the current should indicate current-dependent inactivation. The PSP suppression 
potential ranged from + 80 to  + 120 mV, and was always higher than the reversal 
potential, which also suggested a contamination of outward currents in the observed 
inward current. 
DISCUSSION 
The P/otosus receptors resemble the ampullae of Lorenzini of skate in their general 
organization of long radiating ducts, which are presumably useful for their adapta- 
tion to the high-conductance milieu of sea water common to both species. The tele- 
ost ampullae of Plotosus, however, are simple spheres, and are not lobulated as in 
skate.  The receptor cells show fine structures  similar to those  of the fresh-water 
catfish. Such differences in structure have been correlated with the excitation polar- 
ity (see Bullock, 1982). 
Space Clamp Conditions Across the Sensory Epithelium 
The simple structure of the Plotosus ampullae seems to permit a fairly good spatial 
control. Rough estimates will be given below. 
The input resistance is >700 Kfl, or 100 IZ~ when active. Specific epithelial resis- 
tance would be 1.82 Ir  ￿9 cm  ~ in the resting ampulla of 300 #m in diameter, or with 
an area of 0.0026 cm  2. Specific resistance of the jelly can be assumed to be similar 
to that of sea water, 25 fl ￿9 cm. The ampulla may be replaced by a cylinder 170 #m 
in diameter, which is the same as that of the duct, with a closed end at 0.44 turn. In 
an infinite cable, space constant is 5.6 mm, and voltage drops to 92.4% at 0.44 ram. 
The cable, however, is terminated by an epithelium patch, and hence is nearly open- 
circuited with the voltage dropping to 99.7% at the termination. Thus, voltage in the 
ampulla would be fairly uniform. Even when active, a worst case assumption, a space 
constant of 2.1 mm and a voltage drop to 98% are expected. These estimates would 
ensure a good space clamp over the whole epithelium for DC. 
The inactive apical membrane would act as a resistance of 50 Kfl in series to the 
basal membrane of 650 Kfl. The series resistance delays control of the basal mem- 
brane voltage by 2-3 ms during the capacitative surge, which would retard activa- 
tion. With the fastest peak at 5-7 ms, however, the current record should be little 
affected. Conversely, axial resistance increase at the air gap induced a clear clamp 
failure. 
The possibility remains that individual receptor cells may still escape because of 
the series resistance. Such escape was implied by low-amplitude graded oscillations SUGAWARA  AND OBARA  R~tor Ca Current and Ca-gated K Current  359 
in the epithelial current to smaller command pulses in skate ampullae (Clusin and 
Bennett, 1977b). No oscillations, however, have been observed so far in the Plotosus 
ampullae. 
Characterization of the Receptor Currents 
The effects of the ionic blocker directly point to the basal membrane activity. In Fig. 
10 C (c), the receptor current changes over a voltage span that is similar to other Ca 
current (Hagiwara, 1983). The PSP vs. P1 curve (b) is also similar to that intraceUu- 
larly determined  (cf.  Kusano,  1970).  Thus,  even though  the  resting potential of 
receptor cells is unknown,  the curves seem to represent those on the basal mem- 
brane, except with a DC shift. 
The receptor current consists of the Ca current, Ic~, and the Ca-gated transient K 
current, IK(C~). The receptor/ca is similar to that described in various cells (Hagiwara 
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FIGURE 11.  Equivalent  circuit  for 
the sensory epithelium of the P/0tosus 
receptor.  The  receptor cells  (700- 
1,000  per ampulla)  are interspersed 
by the  thin  apical  processes of the 
supporting cells.  The following val- 
ues are tentatively given per ampulla. 
The apical  membrane (Apical  ra.) of 
the  receptor cells  are  inactive,  and 
are  represented by Rap  (50  llft)  in 
parallel to Cap (0.002 #F). The basal 
membrane (Basal m.) is represented 
by Rbs  (650  llft)  in parallel to Cbs 
(0.022 #F),  and in addition, by the 
active  path  with  variable  Ract  (50 
lift in series to Eact that consists of Ca and K channels. The resting emf of both membranes 
are shown, but not labeled.  A transepithelial capacitance is labeled as Ce (0.01 #F). A much 
smaller current may also flow through complex configuration of the supporting cells that is 
represented by Cs in series to Rs. 
and  Byerly, 1981).  It can be carried by Sr  2+  or Ba  ~+,  and  is  blocked by divalent 
cations with efficacies similar to those in Helix neurons (Kostyuk et al., 1977; Akaike 
et al.,  1978; Byerly et al.,  1985). Verapamil is a  potent Ca-blocker in cardiac and 
smooth  muscles  (Fleckenstein,  1977;  Lee  and  Tsien,  1983).  It  is,  however,  less 
potent and only exerts an irreversible effect in the Plotosus receptor. 
Under/-clamp, the receptor potential of Plotosus is regenerative and long lasting 
(Fig.  3),  which  has  suggested  a  non-inactivating /ca  (Akutsu  and  Obara,  1974). 
Under V-clamp, however, the receptor current gradually declines, even after I~c~ is 
completely blocked. A voltage-dependent inactivation can be excluded. The peak Ic~ 
is  clearly  inactivated  in  a  current-dependent  fashion,  as  shown  in  Paramecium 
(Brehm and  Eckert,  1978;  Brehm et al.,  1980),  in  molluscan  neurons  (Tillotson, 
1979; Eckert and Tillotson, 1981; Plant and Standen, 1981), in insect muscle (Ash- 
croft and Stanfield,  1981),  and in frog heart (Mentrard et al.,  1984).  It has been 
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/ca in frog muscle (Almers et al., 1981) and in Neanthes eggs (Fox and Krasne, 1984). 
In  the Plotosus receptor, similar Ca depletion may well occur in  the intercellular 
space around the receptor cell (see Fig.  2 A).  Such a  mechanism, however, would 
hardly account for the decline of receptor current. An increase in Ca concentration 
accelerates the current decline in Plotosus  (Fig.  7),  in contrast  to deceleration as 
demonstrated in Neanthes eggs. 
The receptor/ca reverses sign at 30-60 mV, which is significantly below the PSP 
suppression potential of 80-120 mV (Fig. 10). The discrepancy may be explained by 
an overestimation of the PSP suppression potential due to voltage drop at the apical 
membrane. The voltage drop, however, would amount to 10 mV at most, because 
the maximum current was <200 nA over the apical resistance of 50 KD. The lower 
reversal potential, or the clear reversal per se, suggests a Ca channel with nonspe- 
cific outward  currents.  Such  Ca  channels  have  been  described  in  Helix  neuron 
(Brown et al.,  1981), in Limnea neuron (Byerly and Hagiwara,  1982), in chromaffin 
cell (Fenwick et al.,  1982), in heart cell (Lee and Tsien,  1982), and in lymphocyte 
(Fukushima and Hagiwara,  1985). Their reversal potential is below + 70 mV, close 
to the present data. 
Operation of the Receptor Currents in Electroreception 
In the acousticolateralis receptor, the apical and basal membranes of the receptor 
cells serve for different functions. Voltage clamp on the sensory epithelium can dif- 
ferentiate these activities. As the electroreceptors detect voltage changes across the 
epithelium, either membrane may serve for transduction. Two strategies apparently 
have evolved. 
In nonteleost receptors, the apical membrane serves for transduction, while the 
basal membrane for secretion, presynaptic to the afferent nerve. In the ampullae of 
Lorenzini, the apical membrane shows noninactivating Ca current followed by Ca- 
gated and maintained K current. The basal membrane has small Ca and K currents 
which,  though  primarily  involved in  secretion,  may  also  contribute  to  receptor 
responses. Under in situ conditions, the apical membrane is tonically active, gener- 
ating a  train of receptor spikes that depolarize the basal membrane for secretion. 
Full-sized receptor spikes, asynchronous among individual cells, are implied by oscil- 
lations in current and in PSP (Clusin and Bennett, 1977a, b; 1979a, b). 
In  teleost  receptors,  the  basal  membrane  serves  for  both  transduction  and 
secretion, while the apical membrane provides either a low-impedance access or a 
signal filtering to the receptor activity (see Bennett, 1971). The tonic, teleost ampul- 
lae of Plotosus have Ca current and Ca-gated K current, but in the basal membrane 
and  with  different channel  properties.  Under  in  situ  conditions,  the basal  mem- 
brane is clearly held depolarized and partially activated for secretion. The receptor 
activity, however, seems to be graded, since no oscillations such as those found in 
skate receptors have been observed (Sugawara and Obara,  1984a, b). 
The receptor operation therefore, differs a great deal between the two species. In 
nonteleost receptors, signals on the epithelium would be best detected if the basal 
membrane resistance were small so that the apical membrane could receive most of 
the signals. The basal membrane resistance, however, must be large enough for the 
apical inward current to depolarize for secretion. The receptor spike may be a corn- SUG^WARA  Am~ Oe~tA  Receptor  Ca Current and Ca-gated K Current  361 
promise for such conflicting requirements. In teleost receptors, both transduction 
and  secretion occur in  the  same  membrane,  which  obviates such problems.  The 
graded receptor activity then might suffice. Intracellular study is required for direct 
comparison. 
Roles of Ca Ions in the Acousticolateralis Receptors 
The cochlear transduction  hypothesis is  based  on the  K-rich endolymph and  the 
positive endocochlear DC potential (Davis,  1965). A similarly K-rich microenviron- 
ment has been shown in the apical cupula in the free neuromasts of Xenopus (Russell 
and Sellick, 1976). 
The transduction  channels are located in  the apical membrane  (Hudspeth and 
Jacobs,  1979;  Hudspeth,  1982).  They are  relatively nonselective for monovalent 
cations, Li  +, Na  +, K +, Cs +, or even TEA  + as shown in frog (Corey and Hudspeth, 
1979)  and  in  chick  (Ohmori,  1985),  though  under  physiological  conditions  the 
transduction current is perhaps carried by K §  They are also permeable to divalent 
cations,  and  are  blocked by Ca-blockers  such  as  Co  9+,  La  s+,  and  other  organic 
blockers (Ohmori,  1985). 
The role of Ca  ~+  in  transduction  remains  unclear.  In  the lateral-line organ of 
mudpuppy, the mechano-sensitivity does increase as a function of Ca concentration 
(Sand,  1975). The ionized Ca  9+ in cupula is only 2-30 ~M in Xenopus (McGlone et 
al.,  1979) and 30 #M in the endolymph (Bosher and Warren,  1978). Nevertheless, 
the transduction current fails at  10 ~M Ca  ~+ in frog (Corey and Hudspeth,  1979), 
or requires at least 20 lzM Ca  9+ in Cs saline in chick (Ohmori, 1985). 
The hair cells also have Ca current and various K currents, probably in the basal 
membrane (Lewis and Hudspeth, 1983; Ohmori, 1984a, b; Hudspeth, 1985). Depo- 
larizing current steps induce damped voltage oscillations in the frog hair cell, which 
are ascribed to a  non-inactivating Ca current and a  Ca-gated K current. In turde, 
electrically induced oscillations show a best frequency in each cell that is identical to 
the best frequency of the intracellular microphonic potential (Crawford and Fetti- 
place,  1981). Thus, at least in lower vertebrates, the Ca channel in the basal mem- 
brane seems to serve for electrical tuning in transduction. The afferent nerves in 
some electroreceptor are tuned as sharply as that of the hair cells (Hopkins, 1976), 
and  similar  ionic  mechanisms  for electrical  tuning have been  recently suggested 
(Zakon, 1984). 
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